With ever-increasing enrolments of students into the public universities and limited funding, it is no longer an option for these institutes to operate at a higher degree of efficiency; it has become a necessity. In order to improve their efficiency, a performance measurement tool is required to measure the performance across the universities.
The rather special characteristics of universities cause difficulty in measuring their efficiency. Firstly, as with any other non-profit making organizations, naturally it is hard to assign monetary values to the inputs and outputs. Secondly, a university produces multiple outputs (e.g. graduates and publications) using multiple inputs (e.g. lecturers and facilities).
A variety of methods have been used to evaluate the performance of universities, while the most common methods are Stochastic Frontier Analysis (SFA) [1] and Data Envelopment Analysis (DEA) [2, 3] . SFA is good in handling data with certain level of uncertainty; however it is not easy to be applied in a multiple inputs and outputs situation. On the other hand, DEA has become a popular performance measurement tool for non-profit institutions like schools, hospitals, and universities due to its capability of handling multiple inputs and outputs without a priori assumptions on the monetary values of the inputs and outputs.
The fundamentals of DEA methodology and a review of DEA applications in universities will be presented in Section 2. The mathematical model for this study is discussed in Section 3. A hypothetical example is used to illustrate the application and implication of the model in Section 4. Lastly, Section 5 concludes the paper with some future works.
Literature Review

DEA fundamentals
Data Envelopment Analysis (DEA) was first introduced by Charnes, Cooper, and Rhodes in 1978 [4] . It is a simple yet powerful method used to measure the relative efficiency of a group of homogenous firms or decision making units (DMUs). A DMU can be defined as an entity responsible for converting input(s) into output(s) and whose performances are to be evaluated. The popularity of DEA is due to its ability to measure relative efficiencies of multiple-input and multiple-output DMUs without prior weights on the inputs and outputs.
The most basic DEA model is known as CCR model, which was named after the three authors. Consider there are n DMUs: DMU 1 , DMU 2 , …, and DMU n . Each DMU j , (j = 1, 2, …, n) uses m inputs x ij (i = 1, …, m) and generates s outputs y rj (r = 1, …, s). Let the input weights v i (i = 1, …, m) and the output weights u r (r = 1, …, s) as variables. Let the DMU j to be evaluated on any trial be designated as DMU 0 (0 = 1, 2, …, n). The efficiency of each DMU 0 , e 0 , is thus found by solving the linear programming below, which is known as the multiplier form in DEA.
, ≥ 0 (4)
The model is run n times in identifying the relative efficiency scores of all the DMUs. Each DMU selects a set of input weights v i and output weights u r
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that maximize its efficiency score. The efficiency scores would fall in between 0 and 1. Generally, a DMU is efficient if it obtains the maximum score of 1; else, it is inefficient. One advantage of DEA is, for every inefficient DMU, DEA identifies a set of corresponding efficient DMUs that can be utilized as benchmarks for improvement. This paper is not intended to cover the immense topics of DEA. Readers who are interested in a thorough discussion on the various topics of DEA are advised to refer to the literature reviews done by Cook and Seiford [5] and Kuah et al. [6] .
DEA has been applied to evaluate the relative efficiencies among universities and relative efficiencies among university departments or courses. Previous studies on DEA applications in the context of university departments or courses include Johnes and Johnes [7] , Johnes [8] , Beasley [9] , and Stern et al. [10] . While some main studies that utilized DEA to evaluate the relative efficiencies among universities include Ahn et al. [11] , Abbott and Doucouliagos [12] , Avkiran [13] , Johnes and Yu [2] , Bougnol and Dulá [3] , Johnes [14] , Fandel [15] , and Breu and There is no definitive standard to guide the inputs/outputs selection in university efficiency assessment. For examples, Ahn et al. [11] have selected faculty salaries, state research funds, administrative overheads, and total investment in physical plants as inputs and number of undergraduate enrolments, number of graduate enrolments, total semester credit hours, and federal and private research funds as outputs; while Johnes [14] has chosen the quantity and quality of undergraduates, number of postgraduates, number of teaching and research staffs, administration expenditures, library and computer facility expenditures, and value of interest payments and depreciations as inputs and quantity and quality of first degree graduates, number of higher degree graduates, and research grants as outputs. Generally, the agreed inputs for universities can be classified as human and physical capital, and the outputs should arise from teaching and research activities [17] . The inputs and outputs as well as the DEA model used in this study are presented in the next section.
Mathematical Model
The input/output mix is identified based on previous studies plus some measures that the authors think are essential to evaluate the efficiencies of universities. The reason for incorporating more measures than other DEA studies on universities is to reduce the risk of excluding any important measure which could eventually affect the performance of the model. The DEA variant applied in this study is called joint DEA maximization, which was introduced by Beasley [9] . Joint DEA maximization is useful in applications where there are different functions in DMUs and the relative efficiencies of these functions have to be determined. In addition, there are inputs/outputs which are shared across the functions and need to be apportioned. This section will further describe the teaching efficiency model, the research efficiency model, and the overall efficiency model.
Inputs and outputs for teaching efficiency
The argument in the teaching efficiency model is that universities employ academic staffs to educate the students enrolled to produce graduates with certain level of quality. Thus, teaching efficiency is referring to the teaching performance of universities in delivering knowledge to undergraduate and postgraduate taught course students. The quality of students is taken as an input based on a general assumption that better entry qualifications will produce better quality products, in this case, the graduates. The outputs of teaching activities are concentrated on graduates. Graduates' results and graduation rate of a university are associated with the academic quality of graduates; while graduates' employment rate is reflecting the employers' perception on the quality of graduates from a particular university. The input and output mix for teaching efficiency is shown in Table 1 .
Inputs and outputs for research efficiency
The argument in the research efficiency model is that universities employ research staffs and enroll research students to produce research outputs, namely publications, awards, and intellectual properties. Average research staffs' qualification is calculated based on a proposed scoring system (professors and above = 4, associate professors = 3, Ph.D holders = 2, master degree holders and below = 1). Number of research student graduates is also considered as an output in this model. Some studies considered research grants as an output based on the argument that they are the outcomes of research performance. This means that if the research performance of a university is better, more funds will be attracted. In contrast, in this study, research grants are treated as a resource for research activities, thus they are considered as an input. The input and output mix for research efficiency is shown in Table 2 .
It should be noted that university expenditure is a shared resource for both teaching and research activities, and therefore in evaluating teaching and research efficiencies, the proportion of the expenditures for both functions needs to be determined. However, it is normally hard, if not impossible, for a university to measure or determine the proportion of its expenditures for research and teaching activities. Thus, joint DEA maximization [9] has been used to apportion the expenditures between the two functions and determining the overall efficiency, teaching efficiency, and research efficiency. The model is presented in Section 3.3 as follows. 
Model for university performance measurement
Consider there are n universities: DMU 1 , DMU 2 , …, and DMU n . Each university j, DMU j , (j = 1, 2, …, n) uses 4 inputs X ij (i = 1, …, 4) to generate 4 outputs Y rj (r = 1, …, 4) from its teaching activities; and 5 inputs X ij (i = 4, …, 8) to generate 4 outputs Y rj (r = 5, …, 8) from its research activities.
As explained earlier, one of the inputs, X 4 (University expenditures), is common to both activities and thus it needs to be apportioned in order to determine the teaching and research efficiencies. Since it is hard for a university to apportion the exact amount of expenditures, the allocation for each function is done with an objective of maximizing its overall relative efficiency. Let p be the proportion of expenditure on teaching activities, and (1 -p) be the proportion of expenditure on research activities.
Next, let the input weights v i (i = 1, …, m) and the output weights u r (r = 1, …, s) as variables. Let the DMU j to be evaluated on any trial be designated as DMU 0 (0 = 1, 2, …, n). The teaching efficiency (T 0 ) and research efficiency (R 0 ) of DMU 0 are thus defined as:
The DEA model to measure the overall efficiency (E 0 ) is modeled as follows: Equation (7) is the objective function to find the optimum set of weights (v i and u r ) that gives the maximum relative overall efficiency for DMU j under evaluation, while subjected to the constraints (8) to (12) . Constraints (8) to (10) are to limit the relative efficiencies (E 0 , T 0 , and R 0 ) of all DMUs to be within 1. In addition, constraint (11) is to prevent zero proportion of the expenditures on either function; and is a small non-Archimedean number, 0.01. The model is run n times in identifying the relative efficiency scores of all the DMUs. DMUs with efficiency scores of 1 are considered as efficient, while those with efficiency scores lower than 1 are considered as inefficient. With the optimum set of weights obtained for DMU j , the teaching efficiency and research efficiency of DMU j
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are determined using equations (5) and (6) respectively.
The application of the model will be illustrated using a hypothetical example of 30 universities. The data are generated randomly and shown in Table 3 . After solving the problem using the constructed model, the relative efficiencies of universities are summarized in Table 4 . 9 universities obtained E 0 of 1 which means they are overall efficient; 3 universities are efficient in their teaching activities (T 0 = 1); and 11 universities are efficient in their research activities. Out of these 30 universities, only 1 university -DMU 29 , is efficient in all the three criteria. The model shows a strong discriminatory power between efficient and inefficient universities. It should be noted that a university which is overall efficient does not necessarily mean that it is efficient in both teaching and research activities. It simply indicates that the university is efficient in producing outputs from its inputs. However, for a university that is both teaching and research efficient, it must be overall efficient. Some universities like DMU 2 , are high in research efficiency but low in teaching efficiency. This could indicate that they focus more on research activities than teaching activities. In contrast, a few universities, for example DMU 23 , have high teaching efficiency but low research efficiency. This could imply that they are more competent and productive in teaching but less capable in conducting research.
Another useful application of DEA is it can provide information on how much universities should improve in their performance. The objective is to move their performance towards becoming both teaching and research efficient. Take one of the universities which is inefficient in both teaching and research -DMU 30 . It can improve its teaching outputs by 40% (calculated by 1/T 0 = 1/0.7125 = 1.4035) and research outputs by 55% (calculated by 1/R 0 = 1/0.6444 = 1.5518). For universities that are efficient particularly in one function but are inefficient in the other, improvement targets can be established using the same method.
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Conclusions
The paper has presented a DEA model which consists of 16 inputs and outputs to measure the efficiencies of universities based on their teaching and research activities. This is the first attempt for a DEA study on university performance that includes this large amount of measures. Some new measures such as number of awards and patents are also introduced. Despite considering more measures, the model has demonstrated a strong discriminatory power in differentiating between efficient and inefficient universities even with a small sample size of 30.
Future studies should look into some particular issues in applying this DEA model to assess university performance. For example, a university's long and variable lead times between the inputs and outputs should be taken into consideration. In addition, there is a lack of studies on university performance measurement using DEA in the Asian region. Hence, it could be interesting to compare the performance of universities across a few Asian countries.
